Introduction
Over the past decades excellent work has been done in the area of analysis and design of a large variety of FSSs (Frequency Selective Surfaces), which are comprehensively reviewed in [1] and [2] . A relatively small portion of this large body of work is devoted to thick-metal FSSs, which are useful when mechanical stability is required. It is difficult to design an FSS that has equalized TE and TM responses, especially over a broad bandwidth. The added dimension of a thick FSS allows an additional design parameter that enables enhanced control of TE and TM responses without the need for external dielectric matching layers. This paper describes the design, fabrication, and characterization of a large scan angle FSS comprised of a periodic array of dielectric-filled tapered holes as shown in Figure 1 (a). The performances of three FSSs with different taper profiles and equal hexagonal lattices are compared. FSSs with cylindrical, linearly tapered, and cosine tapered holes (Figure 1(b) ) show dramatically different TE and TM wide scan angle transmission responses between 18 and 27 GHz. Measurements are compared to simulation for a cosine tapered K-band thick-metal FSS that shows the widest bandwidth and largest scan angle for TE and TM transmission responses. Significant reduction in the pass-band ripple is also observed for this design. 
Simulation and Design
An in-house MATLAB code, which is based on the Mode Matching-Extended Generalized Scattering Matrix method (MM-EGSM) [4] , is used to efficiently simulate three FSSs created by arrays of each of the three profiles shown in Figure 1 (b). The code allows fast iteration when compared to commercial codes such as Ansoft HFSS, which is significantly more computationally intensive when the structure is spatially segmented to a degree that gives accurate, analytically verifiable mode cutoff frequencies [4] .
In both TE and TM transmission responses of an FSS comprised of a periodic array of cylindrical holes, multiple resonances affect the bandwidth of transmission response at large incidence angles [3] . When the lattice period decreases, coupling between unit cells increases, thus reducing the Q-factor of the resonances. However, the reduced lattice period adversely affects mechanical stability; by tapering the hole profile, the mechanical stability is less compromised. Examples are the linear and cosine taper profiles shown in Figure 1 (b). The radius of the cosine taper as a function of thickness is given by
It is interesting to point out that the longitudinal cosine taper (1) is similar in shape to compound-parabolic tapers used in the design of solar concentrators [5] . The outer radius of the cosine taper profile is chosen such that the cutoff frequency of the fundamental mode, TE 11 , is 17.6 GHz when paraffin wax ( r = 2.33) is used as the filling dielectric. The outer radius r 1 is found to be 3.264 mm and the inner radius r 0 is set to 2.285 mm (0.7r 1 ). The lattice spacing is chosen to avoid grating lobes for all scan angles; for a hexagonal lattice this corresponds to λ 0 / √ 3, which is 8.24 mm at 21 GHz. A total of 31 cylindrical waveguide sections each 0.298 mm thick are used for simulations, for a total plate thickness of λ g /2 = 9.24 mm at 21 GHz. As expected, the -5 dB transmission loss centered at 22 GHz between the two dominant resonance peaks in both TE and TM polarizations for the cylindrical hole is reduced for both the linear and cosine tapers. Figure 2 also shows that in addition to improving the pass-band transmission response compared to the cylindrical hole, the cosine taper also produces a 16% wider transmission bandwidth than the linear taper.
Fabrication and Experimental results
In the experimental model, a FSS of periodic array of cosine tapers was machined on a 25-cm square aluminum plate using a custom designed end mill. The holes were filled with melted paraffin wax, and the front and back of the plate were planarized to within a small fraction of a free-space wavelength.
The transmission coefficient of the fabricated FSS was measured with a VNA and two open-ended rectangular waveguide probes, utilizing a straightforward procedure described in [3] . Figure 3 shows the simulated and measured magnitude and phase of transmission coefficient for both TE and TM polarizations at an incidence angle of θ = 30 • . The reference planes are set at the front and back of the plate. This FSS is designed for incidence angles up to θ = 75 • off normal. However, an increase in incidence angle decreases the transmission bandwidth. Figure 4 shows values for points A and B indicated in Figure 3 (left), which are -3-dB points in the transmission coefficient at the low and high end of the band, respectively. The plot shows simulated and measured TE and TM polarization for incidence angles up to θ = 75 • . Simulated and measured TE results match closely for all incidence angles, but the measured 3-dB bandwidth is 200 MHz larger than the simulated result. For TM polarization, as the incidence angle increases above θ = 45 • some resonances appear in the simulated transmission response that are not observable in the measured results, probably due to the finite size of the FSS, multipath effects, and limitation of the measurement SNR. 
